A chlorobenzene-degrading bacterium was isolated by continuous enrichment from a mixture of soil and sewage samples. This organism, strain WR1306, was grown in a chemostat on a mineral medium with chlorobenzene being supplied through the vapor phase with a critical DC value at a dilution rate of 0.55 h-1.
Of the numerous chemical substances that enter the environment with wastewater and exhaust, a great number are benzene derivatives and other nonpolar aromatics. The microbial oxidation of the parent compound, benzene, was first reported by Wagner (52) . Since that time several microorganisms have been described which are able to use benzene as the sole carbon source. The first information on the mechanism of the initial reactions of benzene degradation was obtained from sequential induction experiments indicating catechol as an intermediate (37, 38, 53) . Further evidence for catechol as the ring fission substrate in the pathway of benzene degradation was supplied by Marr and Stone (38) , who detected this intermediate chromatographically in the culture medium of benzene-grown Pseudomonas aeruginosa. The initial reactions of benzene oxidation by bacteria have now been clarified by the thorough studies of Gibson and his colleagues. They established that cis-1,2-dihydroxycyclohexa-3,5-diene is the initial metabolite of benzene degradation by Pseudomonas putida which is rearomatized, yielding catechol (23, 26) . The same sequence of reactions has also been shown to occur in a species of Moraxella (31) . Further breakdown of catechol has been reported to proceed via the meta- (11, 22, 50) or orthocleavage pathway (1, 31, 37, 38) .
However, details of halobenzene degradation by microorganisms are scarce. Erikson observed some type of growth of Micromonospora strains at the expense of 1,4-dichlorobenzene during a 6-week incubation (16) . More recently, Bacillus polymyxa has been reported to grow with bromobenzene (48) . Haider et al. described benzene-grown microorganisms that readily cooxidize chlorobenzene (29) . However, little is known about the reactions involved in the degradation of chlorobenzene. The present paper describes the isolation, mode of cultivation, and metabolic properties of a chlorobenzene-degrading bacterium.
MATERIALS AND METHODS
Isolation, maintenance, and culture of microorganism. The organism strain WR1306 described in this study was isolated * Corresponding author. from an inoculum derived from a mixture of many different soil and sewage samples, which were collected in the Gottingen area in the Federal Republic of Germany. Benzene was used as the substrate of enrichment and was gradually replaced by chlorobenzene. For enrichment, a 200-ml chemostat (dilution rate, 50.0075 h-1) was used as described previously by Hartmann et al. (30) . The continuous culture was initially supplied with benzene through the vapor phase (5500 ppm [s500 mg/ml] by vol at 20°C, 0.6 liters/h). This hydrocarbon was stepwise replaced by chlorobenzene (5200 ppm, 0.6 liters/h). As soon as chlorobenzene was used as the sole growth substrate, cells were plated on nutrient agar. Individual colonies were picked and checked for purity. The isolates were maintained on agar plates and grown routinely at 30°C on a mineral medium described by Dom et al. (13) by incubation in a desiccator. Chlorobenzene was supplied as the carbon source through the vapor phase (3 ,ul of liquid chlorobenzene per liter of gas volume in the desiccator) without direct contact of the hydrocarbon to the medium. Small Analytical methods. Metabolites in the culture fluid were detected by high-pressure liquid chromatography on a reverse-phase column as described by Hartmann et al. (30) . Metabolites were identified by comparison of retention time with authentic samples and by in situ scanning of the UV spectra after the flow had been stopped. Samples of culture fluids (5 to 20 ,ul) were injected after cells had been removed by centrifugation. For the detection of low concentrations of metabolites the cell-free medium was extracted with an excess of diethyl ether. After evaporation of the solvent the residue was dissolved in water before injection.
The concentration of the chloride ions in the medium was measured with an ion-selective combination chloride electrode (model 16/17; Orion Research, Inc., Cambridge, Mass.), which was calibrated with NaCl (0.1 to 50 mM) in mineral medium.
Chemicals. 4-Chlorocatechol was prepared by the method of Willstatter and Muller (54) , and 3-chloro-, 3-fluoro-, and 4-fluorocatechol were prepared as described by Schreiber et al. (47) . 3,5-Dichlorocatechol was synthesized by chlorination of 2-hydroxybenzaldehyde by the method of Biltz and Stepf (5) and subsequent Dakin reaction (12). 3,4-Dichloro-, 3,6-dichloro-, and 5-chloro-3-methylcatechol were a generous gift from Juha Knuutinen, University of Jyvaskyla, Finland. All catechols were purified by vacuum sublimation before use. 2-Methyl-and 4-methyl-2,5-dihydro-5-oxo-furan-2-acetic acid were prepared as described by Hartmann et al. (30) . 3-Chloro-cis-1,2-dihydroxycyclohexa-3,5-diene was kindly supplied by David T. Gibson, University of Texas at Austin. Chlorobenzene was obtained from Fluka AG, Buchs, Switzerland, whereas bromo-, 1,2-dichloro-, 1,3-dichloro-, and 1,4-dichlorobenzene were purchased from Merck-Schuchard, Hohenbrunn, Germany. Biochemicals were obtained from Boehringer Mannheim Biochemicals, Mannheim, Germany. All other materials were of the highest purity commercially available and were used without further purification.
The isomeric cis-and trans-4-carboxymethylenebut-2-en-4-olides were prepared as follows, using a cell extract of 3-chlorobenzoate-grown Pseudomonas sp. strain B13. A stock solution of 4-chlorocatechol (50 mM [pH 6.5], supplemented with 35 mM 2-mercaptoethanol, kept at 0°C) was pumped to a stirred solution of cell extract in 50 mM K-phosphate buffer (pH 7.5) plus 12.5 mM EDTA which was incubated at 30°C. The pH was kept constant at 7.5 by the automatic addition of 0.1 M NaOH. The turnover of 4-chlorocatechol was monitored by high-pressure liquid chromatography. The pumping rate was adjusted in such a manner that 4-chlorocatechol was not detectable in the solution during the entire course of the reaction. The resulting 3-chloro-cis,cis-muconic acid was cyclo-isomerized overnight at 25°C by acidification of the solution to pH 3 by the addition of H3PO4. The butenolides were extracted repeatedly with diethyl ether after the solution had been both acidified to pH 2 and centrifuged for precipitation of the protein. The products were purified by use of preparative thin-layer chromatography plates, precoated with silica gel 60 and the solvent system diisopropyl ether-formic acid-water (200:7:3 [vol/vol/vol]). Bands were located by the use of UV light and extracted with ethyl acetate. The trans isomer was obtained as a pure compound by crystallization from ethyl acetate. Crystallization from dichloromethane yielded the pure cis isomer. Maleylacetate was prepared by hydrolysis of cis-4-carboxymethylenebut-2-en-4-olide at pH 11 at room temperature (18) . During hydrolysis the absorption peak at 277 nm was shifted to a smaller peak at 243 nm. RESULTS Enrichment and isolation. A chlorobenzene-degrading bacterium was obtained by continuous enrichment from a benzene-degrading population originating from a mixture of soil and sewage samples from the Gottingen area, Federal Chlorobenzene-grown cells of strain WR1306 were inoculated into 25 ml of mineral medium in sealed 500-ml Erlenmeyer flasks. Various amounts of chlorobenzene were added to a side arm by a syringe which allowed the hydrocarbon to evaporate. Concentrations of chlorobenzene (mM) were calculated as if the substrate was totally absorbed by the medium.
Republic of Germany. Benzene was supplied to the culture with the incoming air loaded with variable concentrations of the hydrocarbon. Within 2 weeks the concentration of benzene was increased stepwise to 500 ppm in the vapor phase, after which chlorobenzene was added to the culture.
Stepwise-increasing amounts of chlorobenzene (to 200 ppm in the incoming air) were introduced into the culture over a period of 9 months. Simultaneously, the concentration of benzene in the vapor phase was gradually decreased (to 50 ppm). A massive appearance of eucaryotes which periodically eliminated most of the bacteria from the culture was suppressed by repeated doses of cycloheximide (10 mg/liter). After ca. 9 months of operation a culture was obtained which was able to grow in batch culture with chlorobenzene as the sole carbon source (as described above, sealed Erlenmeyer flasks with side arms were used which allowed the addition of portions of liquid chlorobenzene [2 ,ul/100 ml of mineral medium]). The culture was subcultured several times in batch culture with chlorobenzene as the sole carbon source. By streaking the culture on nutrient agar to obtain single colonies within 2 days, a pure culture was obtained which was able to utilize chlorobenzene as the growth substrate.
Growth on chlorobenzene. Several studies have confirmed that the cell envelope of gram-negative bacteria is damaged by toluene (8, 33, 55) . Gibson et al. (23) found that a P. putida strain, although able to use benzene, toluene, and ethylbenzene as growth substrates, would not grow on the hydrocarbons when these compounds were added directly to the culture medium. However, when toluene or ethylbenzene was introduced into the vapor phase rapid growth was observed. Benzene under the same conditions did not allow growth (23) .
In the present investigation, the addition of various amounts of liquid chlorobenzene (0.1-to 0.45 g/liter) directly to the culture medium did not result in the growth of strain WR1306. Correspondingly, when this organism was inoculated into a liquid culture with a vapor phase saturated with chlorobenzene (11,900 ppm, by vol at 20°C [35] ) growth was not observed. However, chlorobenzene allowed growth when supplied into the vapor phase at a concentration of 660 ppm (3 ,ul of liquid chlorobenzene per liter of gas volume in the desiccator). But even under these conditions the strain was highly sensitive toward higher concentrations of chlorobenzene (Fig. 1) . With increasing amounts of chlorobenzene a prolonged lag phase was observed. Correspondingly, a sudden increase in substrate concentration (change in substrate concentration, >0.5 mM) severely disturbed exponential growth with chlorobenzene (Fig. 2) . However, a linear relationship between the chlorobenzene added and the increase in turbidity was obtained when the carbon source was introduced in small portions (change in substrate concentration, c0.5 mM) into the vapor phase of the cultures (Fig. 3) . The data in Fig. 4 indicates total degradation of the chlorinated hydrocarbon because growth at the expense of chlorobenzene was accompanied by the elimination of stoichiometric amounts of chloride.
By use of a chemostat (schematic diagram of the singlestate chemostat, Fig. 5 ), undisturbed growth of the strain with chlorobenzene as the sole source of carbon and energy was accomplished. Figure 6 shows the steady state relationship in the continuous culture. benzene, whereas toluene (methylbenzene) was only slowly oxidized ( Table 1 ). The cells failed to oxidize fluorobenzene, the isomeric dichlorobenzenes, the isomeric xylenes (dimethylbenzenes), and 4-fluorotoluene at measurable rates. When cell suspensions were incubated with phenol or monochlorophenols, which have been postulated to be intermediates of benzene or chlorobenzene metabolism (4), no oxygen uptake at the expense of these compounds was measured.
Catabolic enzyme activities in cell extracts. Enzyme activities of cis-1,2-dihydroxycyclohexa-3,5-diene (NAD+) oxidoreductase, catechol 1,2-dioxygenase, muconate cycloiso- The substrate was supplied with the incoming air. Chlorobenzene was admixed to the vapor phase at a controlled rate by passing air through a container of liquid chlorobenzene (1) and via a bypath (a container of water) (2) . The flow rate of gas was adjusted by flowmeters (3 and 4). The concentration of the chlorobenzene in the incoming (5) and outgoing (6) air was monitored spectrophotometrically at 210 nm. UV cuvettes with a 10-cm light path were used. The concentration of chlorobenzene in the incoming air was adjusted in proportion to the dilution rate such that the supply of fresh medium (peristaltic pumps [7 and 8] ) always corresponded to the feed of chlorobenzene.
merase, 4-carboxymethylenebut-2-en-4-olide hydrolase, and NADH-dependent maleylacetate reductase were induced in cells of strain WR1306 when grown on chlorobenzene (Table  2) (Table 3) . Isolation of metabolites. When chlorobenzene was continuously fed to a batch culture of strain WR1306 by the incoming air, an almost linear growth was obtained. At a higher cell density corresponding to an E546 of 3 to 5, an increasing light-blue to violet coloration of the medium was observed which progressively changed to brown and finally to black. From the slightly colored culture a metabolite could be extracted through diethyl ether without acidification (pH 7). By use of high-pressure liquid chromatography and an authentic compound, the metabolite was identified as 3-chlorocatechol. The isomeric 4-chlorocatechol was not present.
When chlorobenzene-grown cells cooxidized toluene, the dead-end metabolite 2,5-dihydro-4-methyl-5-oxo-furan-2-acetic acid was accumulated in the culture fluid. This was identified as an authentic sample by comparison of the retention time during high-pressure liquid chromatography and by in situ scanning of the UV spectrum. The isomeric 2,5-dihydro-2-methyl-5-oxo-furan-2-acetic acid which would result from toluene dioxygenation in the 3,4-position with 4-methylcatechol as an intermediate was not detectable. However, in a control experiment chlorobenzene-grown cells readily converted not only 3-methylcatechol to 4-methyl-2,5-dihydro-5-oxo-furan-2-acetic acid but also 4-methyl-catechol to the 2-methyl-substituted 2,5-dihydro-5-oxo-furan-2-acetic acid.
DISCUSSION
In general, degradation of nonphenolic hydrocarbons by bacteria is initiated by double hydroxylation (22, 45) . The resulting cis-dihydrodiols are subject to dehydrogenation to yield catechols which are subsequently oxygenated to ringcleavage products. Studies with purified preparations of benzene dioxygenase (2) and cis-1,2-dihydroxycyclohexa-3,5-diene (NAD+) oxidoreductase (1) as well as the isolation of metabolites with mutants (26) clearly demonstrated that the initial metabolites in benzene degradation by bacteria are cis-1,2-dihydroxycyclohexa-3,5-diene and catechol.
Analogous initial reactions for the degradation of chlorobenzene via 3-chloro-cis-1,2-dihydroxycyclohexa-3,5-diene and 3-chlorocatechol must be proposed for strain WR1306. This is based on the detection of cis-1,2-dihydroxycyclohexa-3,5-diene (NAD+) oxidoreductase activity in cell extracts of chlorobenzene-grown cells and the isolation and identification of 3-chlorocatechol in the culture fluid of a chlorobenzene-utilizing population.
From these data it can be deduced that an alternative pathway via chlorophenol by the action of a benzene monooxygenase, as postulated by Ballschmiter et Table 2. dienes as the initial metabolites from arene double hydroxylation. It is well known that cis-dihydrodiols readily rearomatize with formation of phenols under mild acid conditions (28) .
Monosubstituted benzenes, independent from the type of substituent (chloro, methyl, ethyl, or other alkyl groups), were found to be exclusively dioxygenated in the 2,3 position yielding 3-substituted catechols as reaction products of the respective cis-dihydrodiols (3, 9, 24, 25, 27, 34) . The same specificity in dioxygenation of the benzene dioxygenase was found in strain WR1306, since 3-chlorocatechol was detected as the exclusive chlorocatechol in culture filtrates. This supposition was confirmed by demonstrating 2,5-dihydro-4-methyl-5-oxo-furan-2-acetic acid to be the exclusive dead-end metabolite during cooxidation of the structurally analogous toluene.
The entire degradative pathway of chlorobenzene in strain WR1306 proposed on the basis of the enzyme activities found is presented in Fig. 7 . 3-Chlorocatechol is subject to ortho cleavage with formation of 2-chloro-cis,cis-muconic acid. This is cycloisomerized with coincident or subsequent elimination of chloride yielding 4-carboxymethylenebut-2-en-4-olide, which is further converted by use of a hydrolase. The resulting maleylacetate is reduced in an NADH-dependent reaction to 3-oxoadipate. Such an enzyme was shown to participate in the metabolism of 3-chlorobenzoate in Pseudomonas sp. strain B13 (Reineke, unpublished data), of resorcinol in P. putida (10) and Trichosporon cutaneum (19) , and of L-tyrosine in T. cutaneum (49) .
Whereas pure cultures able to utilize benzene or toluene or both can readily be isolated from soil and sewage samples (39, 51) , the isolation of chlorobenzene-degrading strains seems to be rather difficult (32) . One explanation of the difficulty in isolating chlorobenzene-grown bacteria might be that ring cleavage is a crucial reaction in the metabolism of haloaromatics. This is documented by the accumulation of halocatechols when arene-degrading strains act on the halosubstituted analogs (43) . ortho-Pyrocatechases from ordinary aromatic-degrading organisms are rather inefficient for ring cleavage of halocatechols (15) . For 3-halocatechols, relative activity is -1% in comparison to that for catechol. The inefficiency towards 3-chlorocatechol has also been shown for meta-pyrocatechases which were inactivated by either 3-chlorocatechol itself (36) or its ring-cleavage product, 5-chloroformyl-2-hydroxypenta-2,4-dienoic acid (I. Bartels, H.-J. Knackmuss, and W. Reineke, unpublished data). For total degradation and utilization of chlorobenzene, accumulation of 3-chlorocatechol must be avoided by orthocleavage enzymes exhibiting high rates for halocatechols. (6, 17, 18, 20, 21 (42) .
Although the present isolate as well as hybrid strains obtained by conjugation between Pseudomonas sp. strain B13 and a benzene-degrading P. putida (Reineke, unpublished data) fulfill essential biochemical and physiological prerequisites for the utilization and rapid mineralization of chlorobenzene, their suitability for the removal of chlorobenzene from industrial sewage or exhaust air would be limited by their sensitivity to shock loads.
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